Background: Type 2 diabetes (T2D) is a progressive disease that often requires a patient to use multiple antihyperglycemic agents to achieve glycemic control with disease progression. Omarigliptin is a once-weekly dipeptidyl peptidase-4 inhibitor. The purpose of this trial was to assess the efficacy and safety of adding omarigliptin to the treatment regimen of patients with T2D inadequately controlled by dual therapy with metformin and glimepiride.
Background
Type 2 diabetes (T2D) is a progressive disease and most patients eventually require treatment with multiple antihyperglycemic agents in order to attain and remain within glycemic goals. One commonly used strategy for the treatment of T2D over time is initial monotherapy with the biguanide metformin [1] , which lowers hepatic glucose production, followed by the addition of a sulfonylurea, a class of antihyperglycemic agent which mediates glucoseindependent insulin secretion [2] . If additional glycemic control is required, patients can be advanced to triple oral therapy by adding a dipeptidyl peptidase-4 (DPP-4) inhibitor, a class of antihyperglycemic agent which stabilizes incretin peptides (e.g., glucagon-like peptide 1 and glucosedependent insulinotropic peptide), thus enhancing glucosedependent insulin secretion [3] .
Omarigliptin (MK-3102) is an oral DPP-4 inhibitor with a half-life that enables once-weekly (q.w.) dosing [4] that is approved in Japan. Herein we report the results of a clinical study that compared the glycemic efficacy and safety of omarigliptin 25 mg administered q.w. with placebo when added to treatment of patients with inadequate glycemic control on the combination of metformin and glimepiride.
Methods

Patients
Eligible patients were ≥18 years of age with T2D and an HbA1c ≥7.5% and ≤10.5% on dual combination therapy with metformin ≥1500 mg/day for ≥12 weeks and either glimepiride or another sulfonylurea (see details below related to up-titration of glimepiride or switch to glimepiride).
Patients were excluded from the study if they had type 1 diabetes, a history of ketoacidosis, active liver disease, new or worsening signs or symptoms of coronary heart disease or congestive heart failure within the past 3 months, a history of malignancy or hematological disorders, or if they had been treated with any antihyperglycemic agent other than the protocol-required metformin and sulfonylurea within 12 weeks prior to signing informed consent. Laboratory exclusion criteria included serum alanine aminotransferase or aspartate aminotransferase levels >2 times the upper limit of normal (ULN), triglycerides >6.8 mmol/L or thyroid-stimulating hormone outside the central laboratory normal range. Due to the use of metformin in the study (and varying recommendations for its use among countries), patients with estimated glomerular filtration rate (based on modification of diet in renal disease formula [5] ) <60 mL/min/1.73 m 2 , or creatinine ≥123.8 μmol/L (males) or ≥114.9 μmol/L (females) were also excluded.
Study design
This was a multinational, randomized, placebo-controlled, double-blind study conducted at 51 sites in 6 countries (15 in the United States, 14 in Romania, 7 in South Africa, 6 in Poland, 5 in the Republic of Korea, and 4 in Russia). The study duration was up to 40 weeks and included a 1-week screening period, a sulfonylurea switch (for subjects not on glimepiride) and a glimepiride up-titration period (for subjects on <4 mg/day of glimepiride) of up to 4 weeks, followed by a 6-week dose-stabilization period (after which glimepiride was not to be further up-titrated), a 2-week single-blind placebo run-in period, a 24-week double-blind treatment period, and a telephone contact 21 days after the last dose of blinded study medication (omarigliptin/matching placebo) (Fig. 1) .
Patients who were treated with a stable dose of metformin ≥1500 mg/day and glimepiride ≥4 mg/day for ≥12 weeks and who met all other entry criteria directly entered a 2-week single-blind placebo run-in. Patients on metformin ≥1500 mg/day for ≥12 weeks, but on glimepiride <4 mg/day or a sulfonylurea other than glimepiride for ≥6 weeks entered a 1-4-week study period during which glimepiride was up-titrated to ≥4 mg/day or patients were switched from the other sulfonylurea to glimepiride ≥4 mg/day. This 1-4 week period was followed by a 6-week dose stabilization period before entering the 2-week single blind placebo run-in. At the beginning of the run-in period, patients who had up-titration of their glimepiride to ≥4 mg/day or who were switched to glimepiride ≥4 mg/day were required to have an HbA1c ≥7.5% and ≤10.5%. At randomization, all patients were required to have a fasting finger-stick glucose >7.0 mmol/L and <14.4 mmol/L.
After the run-in period, patients were randomized centrally, using an interactive voice response system, in a 1:1 ratio to omarigliptin 25 mg q.w. or matching placebo. Randomization was stratified based on sulfonylurea status at screening: (1) glimepiride ≥4 mg/day; (2) glimepiride <4 mg/day; and (3) a sulfonylurea other than glimepiride.
After randomization, patients were to remain on their stable dose of metformin (≥1500 mg/day) and glimepiride (≥4 mg/day). However, the dose of glimepiride could be down-titrated for hypoglycemia to a minimum dose of 1 mg/day.
Patient compliance with omarigliptin (omarigliptin matching placebo) was assessed by site pill count at each visit during the treatment period. Compliance was defined as (Number of Compliant Days)/(Number of Days in the Double-blind Treatment Period) × 100%.
Patients who did not meet progressively stricter prespecified glycemic control criteria post-randomization (from Day 1 through Week 6, fasting plasma glucose [FPG] > 14.99 mmol/L; after Week 6 through Week 12, FPG > 13.32 mmol/L; after Week 12 through Week 24 FPG > 11.10 mmol/L) were discontinued from the study.
The study (MK-3102-022; NCT01704261, EudraCT: 2012-002612-10), registered October 8, 2012, was conducted in accordance with the principles of Good Clinical Practice and was approved by the appropriate institutional review boards and regulatory agencies. Written informed consent was obtained from all study participants.
Study evaluations
The primary objectives of this study were to assess the safety and tolerability of omarigliptin and to compare its efficacy with that of placebo after 24 weeks of treatment. The primary hypothesis of the study was that addition of treatment with omarigliptin provides greater reduction in HbA1c compared with the addition of placebo.
Secondary objectives were to assess the effect of the addition of omarigliptin compared with placebo on FPG and on the percentage of patients with HbA1c of <7.0% and <6.5%, after 24 weeks of treatment.
Efficacy endpoints
Efficacy endpoints were changes from baseline in HbA1c and FPG and percentages of patients at HbA1c goals of <7.0 and <6.5% after 24 weeks.
Safety endpoints
Safety assessment included collection of adverse events, physical examination including vital signs, standard laboratory blood chemistry (e.g., liver and renal safety tests), lipid panel, hematology, urinalysis and electrocardiogram. A hypoglycemia log was provided to patients to collect hypoglycemia information. At the request of several regulatory authorities in the European Union, measurement of serum amylase and lipase were instituted after the study was initiated; therefore, not all patients had baseline assessments for these two measures.
Potential cases of pancreatitis (events assessed by the investigator as possibly being pancreatitis, or events meeting pre-specified event terms suggestive of pancreatitis) and pre-specified hypersensitivity adverse events (anaphylactic reaction, angioedema, asthma-bronchospasm, erythema multiforme, Stevens-Johnson syndrome, toxic epidermal necrolysis, and drug rash with eosinophilia and systemic symptoms) were evaluated in a blinded manner by external clinical adjudication committees.
Statistical analyses
The population of all randomized patients who received at least one dose of study treatment and had a baseline or a post-randomization measurement served as the primary population for efficacy analyses.
For analysis of the primary efficacy endpoint, a longitudinal data analysis (LDA) model was used [6] , with terms for treatment, time, sulfonylurea status at screening (treatment with glimepiride ≥4 mg/day at screening, treatment with glimepiride <4 mg/day at screening, and treatment with a sulfonylurea other than glimepiride at screening), the interaction of time by treatment and the interaction of time by sulfonylurea status at screening, with a constraint that the true mean at baseline is common to all treatment groups (which is valid due to randomization). The primary hypothesis regarding the superiority of omarigliptin over placebo in decreasing HbA1c was assessed using the estimated treatment difference from the LDA model.
Change from baseline in FPG at Week 24 was analyzed using the LDA model described above, substituting the appropriate baseline value.
Analysis of percentages of individuals at the HbA1c goals of <7.0% and <6.5% at Week 24 was based on estimated rates and confidence intervals for between-group rate differences computed using the Miettinen and Nurminen method [7] . Multiple imputations based on the LDA model used for the analysis of HbA1c were used to handle missing data [8] . Each patient was categorized as a responder (satisfying the HbA1c specific goal of <7.0 or <6.5%) or non-responder at Week 24.
Analysis of safety data used the population of all randomized patients who received at least one dose of study treatment. Safety and tolerability were assessed during the treatment period and through 21 days after treatment ended, by clinical review of all relevant parameters including adverse events, laboratory tests, electrocardiogram (ECG), vital signs and body weight. A p-value and the 95% CI for between-treatment difference in the percentage of subjects with adverse events of symptomatic hypoglycemia were calculated using the method of Miettinen and Nurminen [7] . For body weight, change from baseline was analyzed using the LDA model described above including terms for Fig. 2 Patient disposition; *One subject in the omarigliptin group participated in two clinical trials, in parallel, at two different sites. The subject is included in this diagram but excluded from all efficacy and safety analyses treatment, time, sulfonylurea status at screening, the interaction of time by treatment and the interaction of time by sulfonylurea status at screening. The 95% CI for betweentreatment difference was calculated based on the estimate from the model. For adverse events with incidence of at least 4 patients in any treatment group, any adverse event of hypoglycemia and adverse events of severe hypoglycemia, 95% CIs were calculated for between-group comparisons using the method of Miettinen and Nurminen [7] .
A sample size of approximately 300 patients randomized to omarigliptin or omarigliptin matching placebo in a 1:1 randomization ratio was expected to provide 135 patients per group for the analysis of mean change from baseline in HbA1c at Week 24. This sample size would provide 90% power to detect a true difference of 0.40% in the mean change from baseline in HbA1c between two treatment groups (two-sided test, α = 0.05). The half-width of the 95% CI was 0.24%.
Results
Patient disposition and characteristics
A total of 583 patients were screened and 307 were randomized (154 to omarigliptin and 153 to placebo). The most common reasons for a patient not being randomized were not meeting metformin and glimepiride dose requirements or meeting exclusionary laboratory values. The trial was initiated on 19-OCT-2012 and completed on 23-DEC-2014.
Of the 307 randomized patients, 256 (83.4%) completed the study on study medication (Fig. 2) . One patient in the omarigliptin group who was discovered to be participating in another study was included in the population of randomized patients for the disposition table but excluded from the efficacy and safety analyses.
Baseline demographics and efficacy parameters were generally balanced between treatment groups ( Table 1) . The mean age was 57.8 years, approximately 52% were female, mean body mass index was 31.2 kg/m 2 , mean HbA1c of 8.6% and mean duration of diabetes was 10.1 years. Mean treatment compliance ± standard deviation for omarigliptin and placebo medication was 98.9% ± 3.5 and 98.3% ± 5.0, respectively.
Efficacy
After 24 weeks of treatment, the least squares (LS) mean change from baseline in HbA1c (95% CI) was significantly greater with omarigliptin 25 mg q.w (−0.67% [−0.84, −0.50]) compared with placebo (−0.06% [−0.23, 0.12]) ( Table 2 and Fig. 3a) . The between-group difference (LS mean [95% CI]) in change from baseline at Week 24 in HbA1c was −0.61% (−0.85, −0.38); p < 0.001. A near maximum reduction in HbA1c was observed by Week 6 in the omarigliptin treatment group (Fig. 3a) . Glycemic efficacy was maintained throughout the remainder of the treatment period. (Table 2) . A significant reduction in FPG in the omarigliptin group was observed by Week 6 (the first time point of measurement after randomization; Fig. 3b ) and a treatment effect persisted throughout the treatment period.
The percentage (95% CI) of patients with an HbA1c <7.0% at week 24 was 23.8% (17.5, 31.5) in the omarigliptin group compared with 4.4% (2.1, 9.3) in the placebo group; between-group difference (95% CI) = 19.3 (11.7, 27.6); p < 0.001. The percentage (95% CI) of patients with HbA1c <6.5% at Week 24 was 10.1% (6.1, 16.4) in the omarigliptin group and 2.1% (0.7, 6.0) in the placebo group; between-group difference (95% CI) = 8.0 (2.7, 14.5); p = 0.005.
Safety and tolerability
Summary measures of adverse events were generally similar between groups (Table 3 ). The percentage of patients with one or more adverse events was 57.5% in the omarigliptin group compared with 47.7% in the placebo group. No patients died during the study period.
The incidences of specific adverse events with an incidence ≥2% in one or more treatment group were generally similar between treatment groups (Table 4) .
There was 1 case of adjudication-confirmed pancreatitis in the placebo group (and none in the omarigliptin group). One patient in the omarigliptin group had 1 non-serious adverse event of urticaria and 1 non-serious adverse event of angioedema, both of which were adjudicated and confirmed to be angioedema (a pre-specified hypersensitivity adverse event).
The incidences of patients with the adverse events of symptomatic hypoglycemia were 10.5% in the omarigliptin group and 8.5% in the placebo group (Table 3 From baseline to Week 24, there were no clinically meaningful changes in mean levels of chemistry analytes or clinically meaningful between-group differences in the incidence of patients meeting pre-defined limits of change for those analytes. Small increases from baseline at Week 24 in mean serum amylase and lipase levels were observed in both treatment groups. Both baseline and Week 24 mean amylase levels were within the normal range (35-121 U/L) in both treatment groups. Baseline mean serum lipase values were within the normal range (13-60 U/L) in both treatment groups, but at Week 24, mean serum lipase levels were slightly above the upper limit of the normal range in both treatment groups (75.7 IU/L ± 49.0 and 64.1 IU/L ± 53.8 in the omarigliptin and placebo groups, respectively). Increases in mean amylase and lipase levels were observed by Week 6 (the first measurement after baseline) and were non-progressive after that time point.
There were no clinically meaningful changes from baseline in pulse rate, blood pressure, or ECG intervals (including QTc) in either treatment group.
Discussion
The present study demonstrated that in patients with T2D and inadequate glycemic control with the combination of metformin (≥1500 mg/day) and glimepiride (≥4 mg/day), treatment with omarigliptin 25 mg onceweekly was superior to placebo in achieving and maintaining glycemic control over 24 weeks. The magnitude of changes from baseline in HbA1c and FPG were consistent with those observed in similar add-on studies conducted with daily DPP-4 inhibitors, taking into account the differences in baseline HbA1c with those studies [9] [10] [11] . In addition, a numerically greater proportion of subjects in the omarigliptin group than in the placebo group met the HbA1c goals of <6.5% and <7.0%.
Omarigliptin was generally well tolerated. No clinically meaningful between-group differences in specific adverse events were observed. The incidence of hypoglycemia in both treatment groups is consistent with that observed in similar studies [9, 11, 12] . Due to their glucose-dependent mechanism of action, DPP-4 inhibitors are associated with low incidences of hypoglycemia when administered as monotherapy [13] or co-administered with agents that are not themselves associated with hypoglycemia [14, 15] ; however, when they are administered with agents that are associated with hypoglycemia, such as sulfonylureas, the incidence of hypoglycemia is recognized to be increased [9, 11, 12] . Similar observations have been made with other antihyperglycemic agent classes which are not themselves associated with increased hypoglycemia [16, 17] . The mean changes from baseline in serum amylase and lipase, and reported adverse events related to these laboratory values, were not associated with any apparent clinical consequences in the omarigliptin group. The presence of baseline serum amylase and lipase values > ULN in approximately 10% of patients with T2D and the presence of mild asymptomatic elevations in amylase and lipase with the initiation of incretin treatment is a phenomena previously observed [18, 19] .
Small decreases from baseline in body weight were observed in both treatment groups. The smaller weight loss in the omarigliptin group compared to placebo may be due to the improvement in glycemic control and attendant reduction in glycosuria-related calorie loss of the patients treated with omarigliptin. In omarigliptin studies that assessed omarigliptin as monotherapy and as addon therapy with metformin, consistent decreases in body weight from baseline were observed in the omarigliptin groups [14, 20] .
Previous studies have demonstrated the efficacy and safety of omarigliptin 25 mg q.w. as monotherapy and as an add-on to metformin for the treatment of T2D [19, 21, 22] and the present study extends these observations, providing evidence of the safety and efficacy of omarigliptin on a background of metformin and glimepiride.
Conclusions
This study demonstrated that in patients with T2D and inadequate glycemic control on dual therapy with metformin and glimepiride, once-weekly omarigliptin compared with placebo provided greater improvement in glycemic control and was generally well-tolerated.
